Abstract Growth of the marine microalga Tetraselmis striata Butcher and the macroalga Chondrus crispus Stackhouse was investigated in batch cultures in a closed system bubble column photobioreactor. A laboratory cultivation system was constructed that allowed online monitoring of pH and dissolved oxygen tension and was used for characterization of photoautotrophic growth. Carbon dioxide addition regulated pH and was used to optimise irradiance. Oxygen was removed from the system by addition of hydrogen over a palladium catalyst to quantify oxygen production. In addition, the bubble column photobioreactor was suited for cultivation of algae due to fast gas-to-liquid mass transfer (k L a) and fast mixing provided by split and dual sparging. Specific growth rates (SGRs) were measured using both offline and online measurements. The latter was possible, because rectilinear correlation was observed between carbon dioxide addition and optical density, which shows that carbon dioxide addition may be used as an indirect measurement of microalgal biomass (x). The slope of the rectilinear fit of ln (dx/dt) as a function of the time (t ) then revealed the SGR. These determinations revealed detailed information about changes in growth with up to three different SGRs in the different batch cultures of both micro-and macroalgae. The maximum SGRs found by online determination were 0.13 h −1 for T. striata and 0.12 day −1 for C. crispus. We have developed and described a system and presented some data handling tools that provide new information about growth kinetics of algae.
Introduction
A bubble column photobioreactor is suitable for cultivation of phototrophic organisms in the laboratory as it provides a welldefined and closed environment where light supply, nutrients and gas exchange are easily monitored. The bubble column photobioreactor provides a large area for illumination compared to stirred tank reactors (Eriksen 2008) .
The light the microalgal cells experience when suspended in culture influences the specific growth rate of microalgae, because the local light-dark alterations, primarily influenced by mixing, are important to optimise growth (Erickson and Lee 1986) . The influence of light-dark cycles on specific growth rate has been found to increase with an increasing light fraction at irradiances below the limit of photoinhibition (Merchuk et al. 1998; Janssen et al. 1999 , Janssen et al. 2000 . In addition, the specific growth rate of microalgae increased with decreasing duration of the cycles (Merchuk et al. 1998 , Janssen et al. 2001 . For example, intermittent light conditions of 10 s exposure to light followed by darkness in tumble cultures also increased the specific growth rate and yield of the macroalga Palmaria palmata (Pang and Lüning 2004) .
An inherent problem with constant supply of light is the risk of light limitation at high microalgae densities and photoinhibition at low densities. A solution to these problems is controlling irradiance by the biomass present in the culture (Suh and Lee 2001) , specific light uptake rate (Choi et al. 2003) or the metabolic activity reflected in the carbon dioxide addition rate (Eriksen et al. 1996) . Ideally, the specific chlorophyll a concentration will remain constant in this situation. With regard to macroalgae, the optimal light regime should also be acquired for optimal growth conditions in a photobioreactor, because the photosynthetic characteristics of new tissue reflect a high capacity for the adaptation to different light regimes, with high chlorophyll a content and photosynthetic efficiency during low light (Borum et al. 2002) .
The bubble column has an advantage of mixing the algal culture with bubbles ensuring homogeneous light supply of the algal culture. For macroalgae, it is particularly important to maintain biomass in suspension, and for microalgae, it is essential to obtain a homogeneous light regime (Barbosa et al. 2003; Merchuk and Wu 2003) .
Usually, laboratory bioreactors have been used for cultivation of microalgae, but a few examples of macroalgal species have been cultivated as filamentous cell cultures and calli, e.g. Saccharina latissima (Qi and Rorrer 1995: Rorrer et al. 1995) , Agardhiella subulata (Huang and Rorrer 2002a, b) , Acrosiphonia coalita (Rorrer et al. 1996) , Saccharina (Laminaria ) japonica (Gao et al. 2005 (Gao et al. , 2006 , Undaria pinnatifida (Xu et al. 2002) and Kappaphycus alvarezii (Munoz et al. 2006) . Both stirred tank, airlift and bubble column photobioreactors were used for cultivation of these macroalgae, but online computer control and online data acquisition were limited.
Closed headspace cultivation systems have previously been used by Delente et al. (1991) and Eriksen et al. (2007) . However, we have constructed a bubble column photobioreactor with closed headspace system for measurement of gas exchange combined with split and dual sparging, online computer control and online data acquisition that can be used for cultivation of microalgae as well as macroalgae. When a bubble column photobioreactor is operated in a split sparging mode, the efficient gas-to-liquid mass transfer is achieved by a membrane sparger , and efficient mixing is accomplished by orifice spargers (Poulsen and Iversen 1999) , sparging with identical gases. Cultivation of autotrophic microorganisms in a bubble column photobioreactor operated in dual sparging mode ensures efficient mass transfer of CO 2 to the liquid, which is accomplished by supplying CO 2 solely through the membrane sparger (Poulsen and Iversen 1999; Eriksen et al. 1998) , thereby supplying different gases.
In this study, we tested a computer-controlled closed system photobioreactor with online optimization of irradiance, computerised determination of specific growth rate and photosynthetic quotient exemplified by cultures of the marine microalga Tetraselmis striata , and the marine macroalga Chondrus crispus . The applicability of this system was evaluated for research purposes to gain detailed information about photoautotrophic algal growth, which can be used for the development and improvement of new growth models, and thereby, algal biomass yields also in scaled up production systems.
Materials and methods
The microalga Tetraselmis striata CCAP 66/5 was obtained from CCAP, Scotland, UK. Axenic pre-cultures (1 L) were carried out in conical flasks and incubated for 2 weeks at 100 μmol photons m −2 s −1 at 24°C and supplied twice a week with 5 % CO 2 by sparging for 15 min. Four batch cultures were performed in f/2 medium with a salinity of 25 ‰ (Guillard 1975) . The ratio between nitrogen and phosphorous was lower than 16, which is the expected N/P ratio of microalgae according to Redfield (1934; Tett et al. 1985) , who used a set-up where both nitrogen and phosphorous were limiting nutrients. Non-reproductive Chondrus crispus was collected at the boulder shore in Gilleleje, Denmark (56°07.5′N, 12°18.3E) on 6 December 2005. The thalli consisting of stipe and frond were selected according to size classes II and III (3-7 cm) (Taylor and Chen 1973) .
Biomass was acclimated in an aerated plastic container containing 30 L f/2 medium (Guillard 1975) , which resembles the day length when the biomass was collected. Germanium dioxide (final concentration 0.01 g L −1
) was added in order to eliminate growth of diatoms (Garcia-Jimenez et al. 1999) .
Two batch cultures were performed, and the inoculum of the second experiment was prepared as fragments of freshly formed thalli from the first experiment ensuring genetically identical inocula. Prior to inoculation, epiphytes were removed manually, and the biomass was treated with sodium hypochlorite (0.3 g L −1 ) for 2 min to avoid growth of microalgae, fungi, bacteria and macro-epiphytes and was washed thoroughly with autoclaved seawater followed by treatment with antibiotic (0.11 g L − 1 Meronem, AstraZeneca, UK) in f/2 medium overnight to avoid bacterial growth (Garcia-Jimenez et al. 1999) . Blotted wet weight (11 g) was used as an inoculum comprising around 80 thalli, and f/2 medium with a salinity of 25 ‰ was used for the batch cultures performed in a bubble column photobioreactor. The f/2 nutrient source is a standard growth medium for mass cultivation of C. crispus (pers. comm., Hafting, Acadian Seaplants, 2008).
Photobioreactor design and computer control
The bubble column photobioreactor consisted of two glass cylinders (RO150/1000/33, Duran, QVF) with height of 1 m and an inner diameter of 15 cm placed on a polypropylene section (height 20 cm) for insertions (Fig. 1) . The total volume of the reactor was 37 L with a liquid volume of 33 L. The top and bottom were closed by polypropylene plates as seen on Figs. 1 and 2. All parts were held together by couplings giving a flexible design with options of smaller volumes using 1-and 0.5 m glass cylinders, and if needed, another section for insertions could be placed between the two glass cylinders.
The photobioreactor was equipped with a combined split and dual sparging system (Eriksen et al. 1998; Poulsen and Iversen 1999) comprising an EPDM rubber membrane diffuser (Sanitaire 9″, Water Pollution Control Corp, USA) and two Y-shaped polypropylene spargers with each four orifices forming a ring when placing the two spargers opposite to each other in the polypropylene section. The rubber membrane diffuser was placed directly on the bottom plate (Fig. 2) .
The exit gas from the bioreactor passed through a condenser before entering a closed gas system (Fig. 1) , where photosynthetically formed oxygen was removed by addition of hydrogen over a palladium catalyst forming water (Delente et al. 1991; Eriksen et al. 2007 ). Thereafter, the gas was pumped back to the bioreactor using gastight PTFE or nylon tubings. Removal of photosynthetically formed oxygen served a dual purpose: to avoid photorespiration at higher oxygen partial pressures and to quantify oxygen production.
The closed gas loop comprised a differential pressure transducer (5.0 PSI, Honeywell Control Systems, UK), a palladium catalyst column built of a 50-mL glass tube with an inner diameter of 2.0 cm filled 25 g of palladium catalyst (Haldor Topsøe, Denmark), a flow meter for the regulation of circulating flow (2.5 L min ), a pump (N86KN.18, KNF, Germany) and four solenoid valves: three for inlets of hydrogen, carbon dioxide and nitrogen and one for venting. All valves were controlled by a computer programme and were opened for a preset constant period.
Dissolved oxygen tension was measured with a galvanic oxygen electrode (Mackereth 1964) and was used as a Fig. 1 Schematic of cultivation system for algae including bioreactor, closed gas system and computer controls regulation variable for hydrogen addition. Dissolved oxygen tension was maintained constant at 30 or 40 % of air saturation in the macro-and microalgal experiments, respectively.
A PT100 temperature sensor (Reckmann, Germany) was inserted into a temperature pocket in the bioreactor, and temperature (20°C) was regulated by passing cold water through a silicone tube coiled around the bottom part of the glass tube.
Constant headspace overpressure (0.7 kPa) was obtained by additions of nitrogen when the headspace pressure was below the set point to avoid oxygen from entering the system and opening of a vent when the pressure was above 0.7 kPa. Nitrogen gas was chosen to avoid introduction of oxygen into the system, thereby only quantifying photosynthetically formed oxygen. pH, measured by a pH electrode (Applisens, The Netherlands), was maintained constant at pH 8.0 by titrating metabolic proton exchange (Iversen et al. 1994 ) with carbon dioxide. Carbon dioxide was supplied solely through a membrane diffuser (Poulsen and Iversen 1999) to ensure efficient gas transfer of carbon dioxide to the medium. A three-way solenoid valve was inserted to combine the features of split and dual sparging. Under normal operating conditions, gas was passed through the ring sparger and through the membrane diffuser (split sparging). This was done to ensure fast equilibrium between the concentration of oxygen in the gaseous phase and the concentration in the liquid phase as oxygen was removed in the gaseous phase while measured in the dissolved phase. When the valve opened for addition of CO 2 , the circulating flow through the membrane diffuser was disconnected, and pure CO 2 was supplied through the membrane diffuser for a period of 1 s. In this period, all circulating gas was pumped through the sparger (dual sparging).
Light was supplied by 14 fluorescent tubes (58 W/33, Philips), and irradiance was controlled by HF dimmers (TMX204 LS-158, Philips). The fluorescent tubes were mounted on a metal frame forming a cabinet around the bioreactor with the tubes positioned 5 cm from the glass surface. The light cabinet allowed the regulation of irradiance between 25 and 600 μmol photons m −2 s −1 corresponding to a voltage output from the interface of 0 to 10 V with a minimal increment of 0.1 V. The dynamic range of the voltage output was between 2 and 9 V, where correlation between the voltage output and irradiance was established measuring irradiance with a quantum fluxmeter (Quantum radiometer/photometer, Q101, Macam Photometrics Ltd., UK) at the surface of the bubble column photobioreactor. Maintaining a closed gas loop gives a high resolution of the carbon dioxide additions reflecting metabolic activity. Therefore, the carbon dioxide addition rate was used as a feedback to optimise irradiance (Eriksen et al. 1996) . The time, needed to add a preset number of carbon dioxide additions (five additions, approx. 2 mmol), was used to evaluate the effect of a change of irradiance. If the interval decreased, the light was changed in the same direction as the previous change, and if increased, it was changed in the opposite direction.
For macroalgal cultivation the bubble column photobioreactor was modified by placing a polycarbonate grid 0.40 m above the bottom to keep the macroalgae in a homogenous light regime and to avoid entrapment of thalli below the spargers and other insertions (Fig. 2) .
Volumetric mass transfer coefficient, characteristic mixing time and gas hold up Investigation of bioreactor performance was done using a solution of 0.25 M NaCl simulating seawater (Poulsen and Iversen 1997) .
The volumetric mass transfer coefficient, k L a, was determined using the dynamic pressure method (Linek et al. 1989) , where bioreactor headspace pressure was oxygen electrode, e ring sparger, f membrane diffuser, g pH electrode and h inlet for gas to membrane diffuser. Inner diameter of the bioreactor is 15 cm instantaneously changed passing the exit gas through a 2 m water column. This led to a shift in the oxygen gas-liquid equilibrium, and dissolved oxygen tension was recorded online. k L a was determined as the negative first-order rate constant of the exponential curve showing dissolved oxygen tension (DOT) approaching a new equilibrium as function of time.
Characteristic mixing time was measured using a tracer pulse method, where a pulse of alkali was traced in the bubble column photobioreactor containing a linear buffer (Poulsen and Iversen 1997) . pH electrodes were inserted to the top and bottom of the bubble column photobioreactor, and pH values were measured online. The characteristic mixing time was determined as the negative inverse of the first-order rate constant of the pH difference, ΔpH, between the two electrodes after addition of a tracer pulse.
Gas hold up was determined as the ratio between the volume of gas retained in the liquid and the volume of liquid. This was determined from the increase of liquid level when aeration was turned on.
Calibrations
The molar amounts of carbon dioxide per addition were determined by constant addition of sodium hydroxide (9.0 mmol h
) inducing a change of pH, which was regulated by addition of carbon dioxide (Eriksen et al. 1996) . Similarly, the molar amount of hydrogen per addition was determined as hydrogen peroxide (10.8 mmol h −1 ) was pumped into the bubble column photobioreactor in the presence of catalase (100.000 U L −1 , Fluka, Germany). Catalase catalyses the formation of oxygen from hydrogen peroxide simulating photosynthesis (Miller et al. 2010) . When calculating the amount of oxygen formed either by hydrogen peroxide in the presence of catalase or photosynthetically produced, correction for venting was included. The molar amount lost by venting was measured as a pressure decrease in the headspace, whereas the molar amount of nitrogen supplied was measured by a headspace pressure increase.
Analyses
Microalgal biomass To evaluate growth, optical density was measured at 750 nm on the Shimadzu UV-VIS 160A spectrophotometer. Correlation was made between optical density and cell dry weight, which was determined by filtering 10 mL sample onto a pre-weighed filter paper (Whatman, GF/ C) and washed twice with demineralised water. The filter samples were freeze-dried and weighed.
Cell carbon was determined by centrifugation of 10 mL sample, removal of supernatant, sonication and dilution with Millipore water and measured by using a total organic carbon analyzer (TOC-5000; Shimadzu).
Chlorophyll a was measured in 750 μL sample, which was centrifuged, and 450 μL supernatant was removed. Acetone (1,500 μL equal to 80 %) and 10 glass beads were added. The sample was violently shaken at a whirly shaker in the dark at 4°C for 20 h. After extraction, the cell debris was removed by centrifugation, and the absorbance was measured spectrophotometrically at 663 nm. Chlorophyll a concentration was estimated using the extinction coefficient of 85.95 L g −1 cm −1 (Porra et al. 1989 ).
The absorbance of chlorophyll b of T. striata was not taken into account.
Macroalgal biomass The blotted wet weight (WW) and dry weight (DW) (110°C for 24 h) were determined gravimetrically. Dry weight samples were frozen until further analysis.
Tissue samples (n =5) of inoculum and final biomass were analysed for specific carbon and nitrogen concentration (% of dry weight) using the CHNS Automatic Elemental Analyzer (EA 1110 CHNS, CE Instruments, Italy).
Growth of epiphytes was evaluated by weighing the blotted wet C. crispus thalli before and after removal of the epiphytes. Additionally, suspended epiphytes and contaminants were measured by filtration of the medium at the end of the macroalgal experiments.
Substrate Nitrate was measured spectrophotometrically using the method of Clesceri et al. (1989) . Absorbance (A ) of nitrate was measured at 220 nm and corrected for influence of organic matter by subtracting twice the absorbance at 275 nm (A korr = A 220 − 2 × A 275 ). The diluted sample was acidified by addition of hydrochloric acid with a final concentration of 0.02 M (Clesceri et al. 1989) .
Phosphate was determined spectrophotometrically from a 1 mL diluted sample with 8 mM ascorbic acid, 0.87 mM ammonium molybdate, 0.08 mM potassium antimonyl tartrate and 0.20 M sulphuric acid, giving a final volume of 1.1 mL. Absorbance was measured at 880 nm (Murphy and Riley 1962) .
Calculations
The specific growth rate, μ, was determined from a log of slope (LOS) plot developed and described by Poulsen et al. (2003;  download from http://www.akvakultur.dk/links.htm), which is the slope of the rectilinear fit of a plot showing ln (dx /dt ) as function of time (t ) using the carbon dioxide additions as estimate of biomass (x ) for both micro-and macroalgae (Eq. 1). The x 0 and t 0 are the initial biomass and time, respectively.
The duration of the exponential phase was identified from rectilinear parts of the plot of ln (dx/dt) as function of time (LOS). The LOS computer programme easily identifies exponential sections and small changes, all sections of experimental data are weighted equally, the experimental data points are averaged, reducing the effect of noise, and the LOS plot is independent of offset, which is often difficult or impossible to identify accurately (Poulsen et al. 2003) .
The specific growth rate, μ , was also determined by the more conventional way from the slope of a semi-logarithmic plot of optical density (x) as function of time (t) for batch cultures of microalgae (Eq. 2).
For batch cultures of macroalgae, the specific growth rate, μ , was also determined by the conventional way from the slope of a semi-logarithmic plot of WW (x) as function of time (t); however, only the initial and end biomass was used for this calculation (Eq. 2).
The specific growth rates determined by LOS from all the computerised data (Eq. 1) were compared to the more conventionally determined specific growth rates (Eq. 2) for both micro-and macroalgae.
The photosynthetic quotient (PQ) was determined from PQ ¼ ΔO 2;produced ΔCO 2;assimilated
The online plots of PQ were calculated as an average of 40 online measurements of hydrogen and carbon dioxide additions.
Results are given as average ± standard deviation, and error bars in figures represent the standard deviation (SD) of replicates.
Results

Characterisation of the bubble column photobioreactor
The performance of the bubble column photobioreactor was evaluated determining the volumetric mass transfer coefficient (k L a), characteristic mixing time and gas hold up as function of air flow through the membrane diffuser or ring sparger (Fig. 3) . The volumetric mass transfer coefficient was predominantly influenced by enhanced flow through the membrane diffuser reaching a maximal value of 125 h −1 , whereas mixing primarily improved by increasing the air flow through the ring sparger. The minimal characteristic mixing time (30 s) was reached at air flows above 3.0 L min −1 .
Maximal gas hold up was achieved by aeration with the membrane diffuser. The combination of membrane diffuser (1.0 L min
) and ring sparger (1.5 L min −1
) gave a volumetric mass transfer coefficient, characteristic mixing time and gas hold up of 60 h −1 , 37 s and 0.019, respectively, which were used for microalgal batch cultivations.
The inserted grid in the bubble column photobioreactor for macroalgal cultivation hardly changed the characteristic mixing time (Fig. 3b) , which was 35 s with a membrane diffuser gas flow of 1.0 L min −1 and sparger gas flow of 2.5 L min −1
.
Cultivation of microalgae
Offline and online measurements of a batch culture of T. striata are shown in Fig. 4 . Offline measurements showed that phosphate was depleted after 25 h, whereas nitrate was depleted after 50 h (dotted line; Fig. 4a ). Optical density The accumulated amounts of CO 2 and hydrogen additions and irradiance were registered using the computer (Fig. 4c) , and the CO 2 addition showed the same progress as the optical density measured offline. A linear correlation was observed between CO 2 addition and optical density (Fig. 5) , which showed that CO 2 addition may be used as an indirect measurement of biomass (x ). This allows online determination ln (dx/dt) by LOS of the specific growth rates. The specific growth rates were illustrated by different slopes showing three values in the nitrogen sufficient phase (Fig. 4b) . However, the number of intervals of constant specific growth rate in each batch varied between 1 and 3 per batch in the four batch cultures of T. striata. (e.g. in Fig. 4b) .
The PQ as a function of time fluctuated around 1.5 (Fig. 4b) . Irradiance, controlled by the algal photosynthesis, reached the maximal level in the nitrogen sufficient phase. The specific chlorophyll a concentration decreased throughout the cultivation and decreased to a level of 4 mg g −1 DW at the end of cultivation (Fig. 4c ).
Specific growth rates determined from semi-logarithmic plots were on average 0.065±0.0035 h Cell carbon was used to evaluate the amount of assimilated CO 2 , and 99±1.4 % (n =3) of the supplied carbon was recovered in the cells.
Cultivation of macroalgae
Offline nutrient measurements and online measurements of carbon dioxide addition, irradiance and calculated values of ln (dx/dt) from LOS plot of a batch culture of C. crispus are shown in Fig. 6 .
The concentration of nitrate and phosphate decreased throughout the batch culture, phosphate was depleted 14 days after inoculation, and nitrate was reduced by 91 % within 25 days (Fig. 6a) .
The LOS curve indicates a lag phase of 7 days duration characterised by non-linear relationship of LOS as function of time, which was followed by three exponential phases with different specific growth rates, 0.047, 0.48 and 0.059 day −1 , in the first experiment (Fig. 6b) and only one in the second (0.12 day −1 ). Specific growth rates determined from the semi-logarithmic plots were 0.066 day −1 (Fig. 6b ) and 0.095 day −1 in the experiment with fresh thalli cuts cultivated in the bubble column photobioreactor (the latter not shown). Irradiance, automatically regulated to optimise the CO 2 addition rate, increased from 20 to 250 μ m ol photons m −2 s −1 (Fig. 6c) . PQ could be determined as function of time during microalgal cultivation. PQ of C. crispus fluctuated around 1.0 in both experiments (Fig. 6b) . Nitrate removal by the macroalgae was proportional to carbon dioxide added in the closed system with a slope of 10 g C per g N (R 2 =0.9954). Before inoculation of the first macroalgal experiment, the C/N ratio of the biomass was 9 and, at the end of the experiment, 11. From elemental analyses of the biomass and DW measurements, the amounts of carbon and nitrogen were recovered in the biomass by 99±0.95 and 78±2.9 % (n =2) of the added amounts, respectively.
The thalli of the macroalgae were maintained in suspension and physical damage to the tissue was absent. Furthermore, epiphytes were absent until the 16th day; however, the wet weight of epiphytes was insignificant (<5 %) compared to the C. crispus biomass increase at the end of the experiment. Optical density at 750 nm . c Measurements of carbon dioxide and hydrogen additions and irradiance
Discussion
In this study, we have tested micro-and macroalgal growth under controlled and well-defined cultivation conditions. The bubble column photobioreactor was designed for detailed analysis of algal growth with a flexible design allowing different culture volumes and configurations for possible insertions of probes in pockets or in direct contact to the media. This included insertion of different types of spargers into either bottom or middle section of the bubble column photobioreactor allowing several sparger configurations applicable for many other purposes, e.g. suspension of solids or matrix materials.
Except for the temperature pocket, the bubble column photobioreactor contained no metal parts and provided a suitable environment for cultivation of marine organisms as corrosion can be avoided, and metal ions will not interfere with growth. Choosing polypropylene as a polymeric material for the bottom section allowed autoclaving of the entire bubble column photobioreactor to avoid contamination of e.g. other algae or Vibrio when using nutrient-rich media.
A closed gas system was constructed by pumping the effluent gas back to the bubble column photobioreactor in order to determine growth stoichiometry (Delente et al. 1991; Eriksen et al. 1996 Eriksen et al. , 2007 . Therefore, the carbon dioxide added to maintain constant pH gave detailed information about growth as a linear correlation was established for microalgae between carbon dioxide addition and optical density. This is, however, only true as long as the algae are carbon limited. Additionally, a linear correlation was seen between optical density and dry weight. For macroalgae, such a correlation was impossible since biomass sampling throughout the batch culture was impractical.
PQs of microalgae have previously been determined in three different ways measuring (a) CO 2 and O 2 concentrations in the effluent gas (Ammann and Lynch 1965) , (b) photosynthetic oxygen as a manometric increase (Buesa 1980) , (c) carbon-14-labelled bicarbonate (Raine 1983; Williams et al. 1979 ) and (d) quantification of produced oxygen by Winkler procedure (Bryan et al. 1976) . The disadvantages of the latter two methods are that they are discrete and do not allow online recording of the data. The method of Ammann and Lynch (1965) made online data collection possible, but changes in metabolism were often masked by offsets in gas concentrations. In this study, the oxygen produced and carbon dioxide assimilated in the closed system were quantified and registered online, which gave detailed information about changes in metabolism of photoautotrophic algae.
Generally, the PQ decreased upon nitrogen depletion for microalgae, which indicated that biomass composition changed. PQ depends on the composition of the biomass and gives indications about the degree of oxidation of the biomass. When the biomass becomes more oxidised, the PQ decreases. More oxidised cell components could be carbohydrates, which commonly build up during starvation (Fernandez-Reiriz et al. 1989 ), but also nitrate uptake by the microalgae affects the PQ, because nitrate must be reduced (Eriksen et al. 2007 ). For macroalgae, the PQ remained constant. In addition, the tissue C/N ratio of 11 at end of the first experiment is also found in the online carbon dioxide addition correlation with the nitrate removal, giving a slope of 10. For further validation, mass balances of carbon have shown that 99 % of the added carbon dioxide was recovered in the algal biomasses.
In the batch cultures, the specific growth rates determined from the LOS plot were generally higher than those determined from the semi-logarithmic plots (Eq. 1). The features of the LOS plot (e.g. independent of offset, averaging experimental data points, identification of exponential sections) clearly distinguished the different specific growth rates and showed that within the period conventionally assumed to be exponential, several exponential phases were identified. Furthermore, the LOS plot makes computerising and averaging of the extensive online data set possible including minimising noise.
One specific growth rate would have been expected during an algal cultivation if the specific light intensity related to a specific algal biomass was kept constant. The regulatory mechanisms that controls the specific growth rate in the present microalgal batch cultivation seem to be the light intensity that reaches the maximum level, followed by the nitrate depletion, which respectively result in a lower μ 2 and even lower μ 3 compared to the first specific growth rate (μ 1 ; Fig. 4) . Differences in the number of specific growth rates seen between different batches are most likely due to different histories of inocula and the small variations of carbon dioxide additions that have consequences for the preset light regulation. Despite the variations between batches, this system represents data handling tools that provide new information about the growth kinetic of algae, especially for macroalgal research, and reveals that the specific growth rate changes stepwise during batch cultivation. Furthermore, this improves the characterisation of growth compared to the conventional semi-logarithmic method of only few measurements.
The demand, especially from the microalgae, of fast transfer of CO 2 from the gas to the liquid phase was achieved by a combination of split and dual sparging in the bubble column photobioreactor with addition of CO 2 through the membrane diffuser . Additionally, fast transfer of oxygen from the liquid to the gas phase and then removal was essential to obtain equilibrium in the system. The flow to the membrane diffuser was directed by a three-way valve selecting gas from either the recirculating gas loop or from the pressure cylinder with pure CO 2 . A constant gas flow through the membrane diffuser was used, except for the period when CO 2 was added to the system, in order to avoid closing of the slits, due to pressure of the water column. Closed slits would result in multiple additions of CO 2 before opening, and as a consequence, pH would drop drastically, and poor resolution of CO 2 addition would be registered.
The irradiance was regulated to optimise the metabolic activity reflected in the CO 2 addition rate and, thereby, to enhance algal growth. Lumostatic operation of photobioreactors has been conducted previously, but regulation of irradiance was often based on discrete variable such as specific light uptake rate (Choi et al. 2003 ) and calculation of average irradiance from biomass concentration (Suh and Lee 2001) . Online control of irradiance has previously been conducted by estimation of optimal irradiance at a given biomass concentration which was indirectly estimated from the conductivity in models by Hata et al. (1997) . These methods of lumostatic operations of photobioreactors require knowledge about optimal light regime, whereas optimal light conditions can easily be achieved by online registrations of carbon dioxide addition as a control variable for light regulation (Eriksen et al. 1996) .
Light inhibition in a photobioreactor may occur if the increment is too high, and light limitation may occur if the increment is too small. In this study, the regulation of irradiance was based on the time needed to add a preset number of carbon dioxide additions to the system, and small changes of irradiance (15 μmol photons m −2 s −1 ) were possible within a range of 25 to 600 μmol photons m −2 s −1 , by the use of fluorescent tubes with in-built dimmers.
The microalgal cells are capable of adapting to changes in light regime by changing the pigmentation, e.g. chlorophyll a and b ratio (Richardson et al. 1983) . The specific chlorophyll a concentration increases in periods of light limitation, thereby enhancing harvesting capacity of the limited light available. Contrary, the specific chlorophyll a concentration decreases when irradiance is sufficient. The cultures of these experiments were assumed to be light sufficient, because the specific chlorophyll a concentration was decreasing as cell concentration increased. However, the specific chlorophyll a concentration was initially very high (~50 mg g −1 ) indicating that the inoculum was dark adapted.
We have developed a system that, combined with the computerised LOS plot, can provide tools for the determination of information about the growth kinetic of algae, especially macroalgae. The performance of the system was tested on batch cultures of marine micro-and macroalgae. This paper has focused on the identification of specific growth rates, but further information (e.g. identifying different growth-limiting substrates) may be gained about growth kinetic and stoichiometry by cultivation of photoautotrophic algae using the system described here in order to identify specific properties and to optimise growth conditions to meet the great potential of algae such as upscaling for the production of high added value products from algae.
